A number of candidate structural materials considered appropriate for the proposed arctic surface effect vehicle are identified by class and by specific type. A discussion of the effect of low temperatures on structural materials is followed by the detailing of various aluminum, titanium, nickel, and steel alloys with their respective advantages and disadvantages. Properties discussed are cost, marine corrosion, strength, toughness, and fatigue strength at room temperature and at -65° F. Structural plastics (glass-reinforced and filament-wound plastics, and Boron/Carbon fibers) are also considered.
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AB5TRAC"
A number of candidate structural materials considered appropriate for the proposed arctic surface effect vehicle are identified by class and by specific type. A discussion of the effect of low temperatures on structural materials is followed by the detailing of various aluminum, titanium, nickel, and steel alloys with their respective advantages and disadvantages. Properties discussed are cost, marine corrosion, strength, toughness, and fatigue strength at room temperature and at -65° F. Structural plastics (glass-reinforced and filament-wound plastics, and Boron/Carbon fibers) are also considered.
Although most of the material properties are known, the specific application of an alloy to a particular section of the proposed craft is not possible, owing to the present lack of design details. From the structural materials point of view the most critical craft operating environment appears to be the summer open-ocean condition. There are, however, several unresolved problems imposed by the arctic environment and a discussion of these is included. The appendix is an annotated bibliography of selected surface effect vehicle references.
(Authors) Ure 0f the arCtiC SUrface effect vehicle (ASEV ) Eposes complex structural and matenals requirements upon the designer. At this time only tlr general operating requirements of range, speed, payload size, etc, are known, but thesJ factors are Ufficient to indicate the nature of the contemplated craft. The operating environment^ fairly well characterized and when coupled with the vehicle characteristics proJeTh" materials engineer sufficient criteria for an initial evaluation of potential structural materials. tn h T !l! S ^Ü 131 SUrVey 0f candidate mat " ials f or the ASEV is limited to those considered o be withm the present state of the art for high performance vehicles. Some background ntorrna ion on material., tor high performance vessels is available due to work performed by the Surface Effects Ship Program Office, Amphibious Assault Landing Craft, an5 Hydmfoil LJ Programs. Among these programs are many areas of common interest with respect to materials properties especially fatigue properties. The one distinguishing requirement for most of the materials to be used in the ASEV is the ability to mainta^ integrity low temperatures (-65° F).* The materials programs for these high performance veseTs are bein. closely^ordinated so that the cost of obtaining the required^ of common mte" c ' n g i ) There are two areas in which background information on materials for hish performance vessels has been developed. The first area concerns materials properties Several material property surveys have been prepared that identify candidate alloys for h'gh J performance craft.'.2 The materials included in these surveys ranged from the conventional naval structural matenals (e.g., HY-80 steel) to the high strength-to-weight rat o thanmm and nickel-base alloys. Each of the advanced materials have their particular problems but oT course, offer attractive structural weight fractions on high performance craft. Fo th ASEV U it will probably be necessary to choose structural materials that achieve an effident economical balance between conventional metals of low strength-to-weight ratio that are inexpensive easily fabricated and repaired, and the metals of high strength-to-wdght ral that LJ are relatively expensive and difficult to fabricate. fe of tabriSl?/merh r nl' n 4 W, T^ ^f" 011^ formation has been generated is in the analysis IJ of abr cation methods. 3 -* This analysis is very important in assessing the worth of a particular structural alloy in that it delineates the cost and weight penalties with re pect to n TSEV progrTm. " "^^ ^ ^^^ 0t ' thiS kmd Wil1 ^ ^ at a ^ ^ the It is essential to realize that the ASEV is a marine structure and flv,f nn« n f tu unportant material requirements is excellent sea-water cör os ^ e s^a ce i.Zugh the " U vehicle may be exposed to salt water only for 3 months a year and fresh ™^ u an additional 4 to 6 weeks, serious and costly dalge^ corrosion-susceptible alloys were chosen. This will be especially true for undent surges where washing is impossible and inspection is difficult. It may evolve as standard operating procedure to cross over small freshwater lakes after traversing the open sea and let the freshwater spray wash the vehicle.
The other major consideration is the behavior of the structural materials at low temperatures. This will be discussed in detail for materials that are considered suitable for marine use.
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MATERIALS AT LOW TEMPERATURES
The last decade has seen the development of a multitude of low temperature applications for structural materials. Many of these have been related to aerospace use, particularly the storage and handling of liquid fuels. Because of the need for such fuels, a whole cryogenic industry has developed and structures have been built for their manufacture, storage, transportation, and use. Table 1 lists some of the materials used in these applications. A considerable amount of research has been done on the effect of low temperatures on metal, much of it sponsored by the Government foi application in rocket and missile fuel tanks. Generally, the temperatures of interest are the boiling points of liquid oxygen (-297° F), nitrogen (-320° F), and hydrogen (-423° F). Often, however, the mechanical properties of the materials being considered for cryogenic applications are determined at several temperatures between -300° F and room temperature, and curves are drawn between the discrete data points. The data included in this report are interpolated from such curves.
A brief survey of the effects of low temperature on metals is in order before detailed examples of specific alloys are given. These overall concepts become very significant at temperatures considerably lower than those applicable to ASEV operations, but the trends are still evident at the -65° F lower boundary.
As the temperature decreases the strength of most metals increases. The amount of the increase depends prirasrlly on the composition of the metal and/or the crystal structure. Similarly, the ductility and toughness decrease with decreasing temperature. In some cases this decrease can be drastic and may occur over a narrow temperature range.
Metals with a body-centered cubic (bec) crystal structure (iron and chromium) generally exhibit a loss of toughness over a narrow temperature range. Changes in strength and ductility above and below this transition range are only moderate, but within it the mechanical properties can change dramatically. Above the transition temperature, fracture of the material is ductile and below the range the fracture is brittle. Factors such as grain size, interstitial and alloying elements, inclusions, and notches all affect the temperature range over which the transition occurs. The presence of notches will raise the transition temperature, while certain alloying elements (nickel in iron-base alloys) will lower it, thereby lowering the temperature at which the material will fail in a brittle manner.
The face-centered cubic (fee) metals (aluminum, copper, and nickel) do not exhibit a transition temperature with the associated large property changes. As the temperature decreases, these metals increase moderately in strength and retain most of their room temperature ductility. It is for this reason that many alloys of this type have been extensively used in cryogenic applications. Another group of materials with the fee crystal structure is the austenitic nickel-chromium stainless steels. The low temperature effects vary with the specific composition, but several of these austenitic stainless-steel alloys have been used in low temperature service.
The hexagonal close-packed (hep) metals (titanium, magnesium, and beryllium) behave much like the fee metals. Yield and ultimate strengths increase considerably as the temperature decreases and ductility decreases only slightly. Helium  -320  Ti-6A1-4V  Saturn S-IV B  Helium  -423  Ti-6A1-4V  Apollo  LOX  -297  Inconel 718  Apollo  LN 2  -320  Ti-6A1-4V  Apolio  LH 2  -423 Ti-5Al-2.5Sn ELI Lunar Module LHe -452 T 1 -5Al-2.5Sn ELI ELI -Extra-I w interstitial, Ductility is not a critical design parameter since design stresses at maximum service load are usually well below the yield strength. Ductility is important, however, from the standpoint of localized deformation during fabrication and any abnormal usage of the structure.
The toughness criteria that are important are those which apply to fracture resistance at pre-existing Haws, cracks, and notches. The effect of temperature on these criteria is well established in a general way, but the whole concept of toughness is far from being fully understood.
For bcc metals, a very narrow temperature range will cause a sharp decrease in impact strength. This transition temperature range is not necessarily the sajne as the ductility transition since the parameters that identify the phenomena are different. The fee and hep metals do not have this sharp toughness drop, but either gradually decrease with tempera ure or have essentially no change. It is important, however, to realize that the room temperature toughness of these materials is often much lower than bcc metals (e.g., low alloy steels).
There are two distinct ways to measure the toughness of materials. The easier, and more common is the relative measure given by such tests as the Charpy impact, dynamic tear (DT). and notch tensile tests. Less understood tests arc the fracture mechanics tests which determine the critical stress intensities (K lc ) and from them critical flaw sizes. Unfortunately, this second approach is only valid in the material's elastic range, and great care must be taken in the interpretation of test results. In addition, the stress environment in service is rarely known well enough to apply fracture mechanics.
For material comparisons, probably the most common toughness test is the Charpy test. There is a large quantity of Charpy test results available over a wide range of temperatures. For materials with large temperature-dependent changes in toughness, this test has proven extremely useful. It can quickly identify transition temperature ranges and eliminate unlikely candidates for a particular application. Another measure of the relative toughness is the notch-to-unnotch tensile-strength ratio. These tests are easy to run on sheet as well as heavy plate but care must be taken when making comparisons between sheet and round tensile specimens. The state of stress is very dependent on the specimen and notch geometry. Also, large changes are seen for the ratio only when there are large temperature changes. The NRL dynamic tear test is also a comparative test, but the specimen is designed to place more of the metal under test under plane strain conditions. Therefore, there has been better correlation with fracture mechanics tests, and empirical relationships between DT results and critical stress intensities are being developed by NRL. These relationships are only valid for certain high strength materials and the data, at present, are limited to 32° F.
The design objective oi" fracture mechanics testing is to be able to predict the critical flaw size for a given material, at a specific stress level, environment, and temperature. Hopefully, this flaw size would be larger than the minimum detectable, and could be inspected out of the structure. Flaws include such defects as notches, inclusions, voids, etc, that could result from manufacturing or fabrication. In order to determine the critical flaw size, it is necessary to establish the critical stress intensity (K| c ) at the lowest service temperature. In som^ cases a salt-water environment can have a significant effect, and the resulting "wet K| ." can be much lower than the "dry K lc ." The specimen design for fracture toughness testing is important and is a function of the strength level of the material. For the predictive relationships to hold, it is essential that the metal under test be in a plane strain condition (no shear stresses or plastic deformation). Therefore, as the strength of the material decreases, the necessary specimen size increases. There are only limited data of this type available at low temperatures but they confirm all the trends shown by the comparative toughness tests.
MATERIAL CHARACTERISTICS ALUMINUM ALLOYS
Commercial wrought-aluminum alloys can be separated into two categories -the heat-treatable and the nonheat-treatable series. The heat-treatable alloys achieve their strength by precipitation hardening due to a combination of solution annealing, quenching, and aging. The non-heat-treatable alloys are solid-solution strengthened then work hardened to various levels. A uniform numbering system has been adopted for the aluminum alloys based on the major alloying elements. The more common series used in structural applications are the 2XXX series containing copper, the 5XXX with magnesium, the 6XXX with magnesium and silicon, and the 7XXX series in which aluminum is alloyed with zinc. The 5XXX series is the only one of these that is non-heat-treatable. Although the 5XXX series is not as high in strength as some of the heat-treatable alloys, it has much better welding characteristics and corrosion resistance.
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Corrosion Characteristics
The 5XXX scries alloys are the most widely used in sea-water applications. Alloys 5083, 5086, and 5456 arc the highest strength alloys in the series and have general corrosion rates in sea water of about 0.2 mils per year (mpy) (bulk weight corrosion loss). Pitting of these alloys is minimal, typically, 50 mils after a 5-year exposure. For comparison, a 0.250-mch-thick unprotected plate of one of the 7XXX alloys might be perforated after a few years. 5 Corrosion in a marine atmosphere is not significant with the 5XXX alloys. Many ships have superstructures made of these materials. For example the SUNR1P, a bauxite earner built in 1954, used unpainted 5083 and 5086 which, after a careful examination 10 years later, required no repair due to corrosion damage. 6 Alloy 5456 sheet, plate, and extrusions have been used as deck, side, and bottom plating, frames, girders and bulkheads of several U.S. Navy hydrofoils. This alloy has seen extensive service in small craft such as the PCF ("Swift") boats and other coastal and riverine patrol boats. The only problem encountered was some selective corrosion (exfoliation) on interior surfaces which has been eliminated by the use of a new tempering treatment in manufacture.
The 6XXX alloys are heat-treatable and can be processed to higher strength levels than the 5XXX alloys. The most common alloy used in the United States in this series is 6061-T6. T-6 is the temper designation (solution treated then artificially aged). The corrosion resistance of this alloy series is not as good as the aluminum-magnesium series (5XXX), but they can still be used without protection in marine atmospheres. The 6061 alloy extrusions have better corrosion resistance than plate products, and show a high incidence of pitting, a low rate of penetration, and only a slight tendency for intergranular corrosion.
The 2XXX series should not be used in a marine environment without adequate protection. Under certain conditions of heat treatment, the copper-aluminum microscopic phases segregate to grain boundaries causing the alloy to be extremely susceptible to stress corrosion and intergranular cracking.
The high strength, heat-treatable 7XXX alloys are very similar in behavior to the 2XXX alloys. They should not be used in sea water unless well protected. Because of their grain structure, they are particularly sensitive to stress corrosion in the short transverse (through-the-thickness) direction. However, a few specially developed alloys in the 7XXX series are not susceptible to stress corrosion in sea water.
Welding Characteristics
Since the strength of the heat-treatable alloys depends upon the size and distribution of microconstituents, it is not surprising that welding causes large changes in mechanical properties. All alloys, however, are weldable, with the final strengths being dependent on filler-wire composition and postwcld heat treatment.
Welding of the 7XXX series is particularly difficult. There is a tendency to crack unless special precautions are taken for setup, and heat inputs are kept low.
The 2XXX alloys vary in weldability. Alloy 2024 has very limited capacity for welding, and cracking is extensive in some filler metals. Alloy 2014 has better welded characteristics and has been used in missile applications. Alloy 2219 is considered one of the most weldable of the high strength aluminum alloys and is also not particularly sensitive to welding procedure.
The major weldable alloy of the 6XXX series is 6061. A considerable amount of work has been done on the weldability of this alloy, and filler wires, heat inputs, and procedures are well documented. Weld repairs can have an effect on the mechanical Report 28-143 5
properties, since they represent additional heat inputs. Table 2 shows this effect on 0.125-inch-thick 6061-T6 plate welded by automatic gas tungsten arc (GTA) and gas metal arc (GMA). 7 The 2XXX, 7XXX, and 6XXX alloys all require a postweld heat treatment to return the mechanical properties to near prewelded levels. The 5XXX nonheat-treatable alloys are readily weldable and do not require a postweld heat treatment. Joint efficiencies (welded-to-unwelded strength ratios) of 80% to 100% have been achieved with both GMA and GTA procedures. Optimum base-metal/filler-wire combinations have been determined as well as welding procedures for GTA and GMA. Table 4 lists the tensile properties of several aluminum alloys at room and low temperatures. As outlined earlier, the 2XXX and 7XXX series are not good candidates for application in a marine environment, but 7075-T6 has been included as representative of the higher strength alloys. Sl^t^rrÄXI, SÄ -VPe, and dynamic tear tests.
.
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Alloy
Fatigue Properties
The structural matenal of an ASEV will be subjected to fa'.gue in -to and warm (aboye 32" F) a.r and .n water (ato abo,e £J^Zto«mUi. decreasing SÄT-SiSU « n ."? us 0 cl a,r is not a Hmitin, factor to fa.i B ue desi 6 ".
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The fatigue strengths of aluminum alloys in sea water are, however, much lower than fatigue strengths in air. As shown above, all the alloys have corrosion fatigue strengths below 8 ksi at 10 7 cycles. These tests were run in water with salt content less than that of sea water. It is possible, under certain conditions, for water in the Arctic to contain more salt than sea water. If the occurrence of this high salinity water is indeed significant, then tests will be run at this laboratory with this new boundary condition.
It is unusual to use aluminum in a marine environment without some form of protective coating. A study by Inglis and Larke 16 has shown that annodizing improves the corrosion fatigue resistance but lowers the fatigue strength in air. Painting has no detrimental effect on the fatigue strength in air (indeed it can actually improve it by excluding the moisture) and eliminates the loss of fatigue strength due to salt water. Obviously the protection is only as good as the coating. It is difficult to foresee sufficient inspection ot remotely accessible parts on a large ASEV to have reliance on coating integrity. Thus the design would have to be for corrosion fatigue strengths rather than air or painted fatigue strengths. This matter also applies to most of the steels, where their location prevents proper inspection.
TITANIUM ALLOYS
Titanium alloys are classified into three types according to their room temperature microstructure, which is primarily dependent on amount and type of alloying element. The alpha titanium alloys containing combinations of Al, Sn, and O2 are low strength, high toughness alloys, easily weldable but often sensitive to stress corrosion cracking. The nearalpha and alpha-plus-beta alloys containing Al and moderate amounts of V, as well as Cb, Ta, and Mo have a wide range in properties and :an therefore be utilized in a variety of applications. The strength and toughness properties can be adjusted by alloy content, and to a certain extent by heat treatment, with accompanying changes in weldability and stresscorrosion sensitivity. The least developed system, the beta alloys, are most sensitive to heat Report 28-143 treatment. With these alloys (which cc tain little Al and considerahie Mo, V, Cr, Cb. and Ta) the matching of welded and baseplate properties is difficult and the sensitivity to stress-corrosion cracking is largely unknown.
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All titanium alloys have extremely good resistance to general corrosion, erosion, pitting, and crevice attack. Some alloys are sensitive to stress-corrosion cracking in the presence of a " highly stressed flaw, but many alloys are immune to this type of attack.
The main problem associated with titanium alloys is their high reactivity and affinity for oxygen. This means that during the melting, heat treatment, and welding processes the metal must be protected from air. if the metal picks up appreciable oxygen and nitrogen, the strength rises and the material quickly becomes embrittled. This is particularly critical in welding operations and great care must be taken to ensure that the argon or helium gas shield is adequate. Despite these difficulties, welding "out of chamber" is a routine operation for normal configurations. Considerable experience has been gained by the aircraft manufacturers in the fabrication of this alloy system. This experience will be directly applicable to the construction of a large SHV.
The importance of the 0 2 , C, N, and Fe levels in titanium alloys cannot be overemphasized. In sea water, alloys which are not normally sensitive to stress-corrosion cracking can become so with an increase in oxygen level. This increase could be local (e.g., a faulty spot-weld repair) and could cause failure if located in a high stress area. At low temperatures the effects of these contaminants are more pronounced.
The titanium alloys currently used by the aerospace industries contain from 1600 to 2000 ppm oxygen. This is the normal commercial grade of material. Recognizing the need tor higher purity material in certain applications, the titanium industry has produced a grade ot alloys with 1200 to 1500 ppm oxygen termed extra-low interstitial. However, for the reasons outlined in the previous paragraph and because of an interest in tough plate products, the Navy has been purchasing titanium alloys at special oxygen level of between 800 to 1000 ppm. At this stage it is believed necessary to maintain the 800 to 1000 ppm requirement for all marine structures. Very few (If any) sheet titanium products have been produced at this low oxygen level; thus, property information on this product form is lacking. Low oxygen plates have been extensively evaluated A room temperature by this laboratory and there is a high degree of confidence in their applicability to marine structures of all kinds.
Low Temperature Properties
As mentioned above, low temperature data on low oxygen titanium alloys is scarce. However, the data on the high oxygen material confirms the expected trends of increasing yield and tensile strengths and low, but relatively constant, toughness values.
The alloys of interest for marine applications are commercially pure (CP) titanium Ti-6AI~2Cb-ITa-IMo and ' A1-4V. The strength and toughness of these alloys in low oxygen plate torm is shev m tai e 8. In thin sheet form these strengths will be raised 15% to 20%. 
♦Estimated
Fatigue strengths increase with decreasing temperature. Ti-6A1-4V sheet (136 ksi tensile strength) tested in fully reversed flexural fatigue has fatigue strengths at 10 6 cycles of 50 ksi at room temperature and 60 ksi at -110° F. Notched specimens (K t = 3.1) of the same alloy have fatigue strengths at 10 6 cycles of 25 ksi at room temperature and 35 ksi at -110° F. 12 The corrosion fatigue strength of these three titanium alloys is the same as the fatigue strength in air. The results of room temperature fatigue tests run in air and salt water at this laboratory are listed in table 9 The corrosion fatigue strengths of welded Ti-6AI-4V and Ti-6Al-2Cb-lTa-lMo are much lower than those of the base metal. A possible solution to this problem is being investigated on another program.
NICKEL ALLOYS
The application of nickel alloys in marine structures has not been extensive. However, the excellent performance of nickel alloys in turbulent and high velocity sea w;iter has long been recognized, and has resulted in the use of nickel-copper alloys for valves aau impellers. The performance of nickel alloys in quiet sea water (less than 3 fps velocity) has varied considerably with some alloys reportedly undergoing severe local attacks and others having complete immunity to pitting and crevice corrosion. A thorough study of the corrosion characteristics ot 22 nickel alloys has recently been completed by Niederberger, et eil. 19 After exposure, the various alloys were classified as to type and seventy of attack. Three alloys showed no general corrosion and no pitting and crevice attack. Of these alloys (Rene 41, Inconel 625, and Hastelloy C), only Rene 41 had high strength (93 ksi yield in the annealed condition). The four next-best alloys exhibited little or no pitting and only minor attack in crevices, but all had low strength. The next group, those having little or no pitting and moderate to severe crevice attack, contained Inconel 718 and Incoloy 901, which are both high strength alloys. All the remaining alloys tested had increasingly severe corrosion susceptibility and were for the most part low in strength. None of the alloys were susceptible to stress-corrosion cracking based on a U-bend test; however, further studies should be made with the cantilever beam and other tests.
The major problem with all of these precipitation-hardened nickel alloys is welding.
20 -
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Two types of cracking can occur during the welding process and while methods for avoiding them are being investigated, further work to establish detailed procedures will be essential, if the high strength nickel alloys remain ASEV structural candidate materials. The two types of cracking are microfissurir.g of the root passes during welding, and strain-age cracking during the postweld heat treatment. Forosity, lack of fusion, and hot cracking can also be encountered unless special precautions are taken.
The two most promising nickel alloys are Inconel 718 and Rene 41. More information is available for Inconel 718, but mechanical property determination of both base metal and welded Rene 41 is under way on another program. Because of the difficulties of welding outlined in the previous paragraph, several postweld treatments will be evaluated. Generally speaking, Inconel 718 is much easier to weld (less subject to strain-age cracking) but more sensitive to pitting and crevice corrosion. The strength properties are higher (150 to 170 ksi yield for Inconel 718 compared to 100 to 130 ksi yield for Rene 41), although exact levels obtainable after welding are not definitely known.
Low Temperature Properties
The high strength nickel alloys achieve their strength by a combination of solid solution strengthening and precipitation hardening. Thus, properties at a given temperature will vary considerably, depending on the thermal treatment given to the material in test. The strength data reported in table 10 shows results of tests on material in the annealed and fully aged conditions.
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The increases in strength at -65° F are not large but are consistent for all heat treatments. The ductility is practically unchanged over this same temperature range.
The notch strength ratios at room temperature and -65° F of these two alloys are either the same at the two temperatures, or only slightly lower at -65° F. The form of material (sheet plate, bar, etc) will affect the test results slightly. Single-edge notched specimens were used to determine the K| c values of welded Inconel 718 sheet. 23 The results showed some scatter which may have been due to welding defects, but the data all increased with decreasing temperature. The room temperature K| c values of 30 to 55 ksi Virich increased to 40 to 65 ksi VTtich at -320° F, and 55 to 80 ksi Vinch at -423° F. The fatigue data on Inconel 718 at low temperatures is not entirely consistent. In one case, the -320° F fatigue strength at 10 6 cycles is below that of room temperature tests. For the same conditions though, the -423° F data are considerably higher than the room temperature data. The welded specimen data show the normal increasing fatigue strength with decreasing temperature. The fatigue strength of Inconel 718 in sea water is about 20 to 25 ksi at 10 8 cycles.
STEELS
Of the many classes of steels, those most applicable to an ASEV structure are the austenitic stainless steels, precipitation-hardened stainless steels, and the martensitic steels. Most of these steels are either fee (and do not have a ductile-brittle transition) or are bec with a very low temperature transition. There are some specialty steels, such as the 9 Ni steel, which may also be appropriate. The quench and tempered steels are not good candidates because of their poor low temperature properties and poor corrosion characteristics.
Austenitic Stainless Steels
The AISI 300 series contains about 18% chromium and 8% nickel which stabilize the fee austenite at room temperature. These steels cannot be strengthened by heat treatment but ate strengthened by cold working. They are readily weldable and do not require postweld heat treatment. As a group, their general marine corrosion is good, and type 316 is one of the best. However, this steel has not had wide application in marine structures because of its poor crevice corrosion resistance. Also, its relatively low strength makes it unattractive as a structural material on a weight-critical craft. Its properties are listed in tables 11 and 1 2.
PrecipitationHardened Stainless Steels
These steels can be of either an austenitic or martensitic type and require heat treatment to develop high strength. The alloys are not work hardenable to any great extent and may require postweld heat treatment. The most common alloys of this type are 17-4 PH and A286. The general corrosion resistance of 17-4 PH is excellent although pitting and crevice corrosion in localized areas is severe. This would probably not be a serious problem in an ASEV.
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I Martensitic Steels
Dual Strengthened Steels
The purpose of the development in steels of this category was to combine the strenthening effect of carbon martensite and age hardening. The weld metal would presumably have the high strengths associated with martensitic formation, which iip~>n tempering due to multipass welding, would match baseplate properties. The two steels developed in this class were 10Ni-8Co-2Cr-lMo and 9Ni-4Co-0.2C. Good weldments have been achieved with both hot and cold wire GTA weldments, without postweld heat treatments, but deposition rates are extremely slow.
Age Hardenable (Maraging) Steels
The two primary steels in this category are the 12 Ni and 18 Ni maraging steels. The 18 Ni steel has better toughness in the base metal, but the weld metal of both steels is susceptible to stress-corrosion cracking in sea water. Gross, et ö/, 24 concluded that this corrosion problem eliminated these steels as candidates for HY 180/210 structural application in the Navy. Certain limited applications could be possible for this material in an ASHV if due consideration is given to inspection and maintenance of a coated surface.
Other Steels
Several other steel alloys have been used for cryogenic applications, particularly a 9% Ni steel (2800) which was developed specifically for use in low temperature storage vessels. This alloy exhibits a gradual transition behavior, however, between -50° and -250° F.
The strength and elongations of the steel alloys discussed above are listed in table 11. These strengths should be considered typical and not used for detailed design purposes. The notched tensile-strength ratios and Charpy impact values are shown in table 12.
As shown in table 12, there is no loss of toughness at -65° F with these steels, with the exception of 17-4 PH. This alloy has a martensitic base which accounts for its drop in toughness.
Where fatigue data are available for these alloys at low temperature, they indicate that the usual trends are followed. For example A286 welded specimens (solution-treated condition, axial loading, R = -1) had fatigue strengths at 10 6 cycles of 18 ksi at room temperatu 20 ksi at -320° F, and 32 ksi at -423° F. As with the other materials, however, the umin condition for fatigue is the corrosion fatigue strength in sea water. In this environment, the high strength steel alloys (9Ni-4Co, 18 Ni maraging) have fatigue strengths of less than 10 ksi at 10 8 cycles. 24 The stainless alloys are slightly better, with 17-4 PH and 316 stainless steel having values as high as 20 ksi at 10 8 cycles.
re, im i ting
STRUCTURAL PLASTICS Background
Glass-reinforced plastics (GRP) are a class of materials having v unique combination of properties which make them particularly adaptable for marine structural use, including structural applications for the ASEV. These materials are high in strength, low in weight (1/4 the weight of steel), inherently resistant to corrosion and are nonmagnetic. They are readily fabricated into large complex shapes and can be tailor-made for particular applications, in that properties may be varied at the discretion of the designer.
In the present state of the art, GRP refers to a variety of materials, ranging from low glass content mat-reinforced polyesters for applications where low strength may be adequate, to high strength, filament-wound, glass-reinforced epoxy laminates, where a high stiffness-to-weight ratio is required.
Composites can be fabricated with tensile strength varying from 20,000 to 150,000 psi and moduli from 1.0 to 9.0 million psi. The above indicated flexibility in properties is available to the engineer and is one of the principal advantages of GRP to the designer.
These materials have been used extensively in marine applications, particularly in small boats. Other naval applications have been: sonar domes, minesweeping devices, radar masts, deckhouses, and submarine fairwaters. The latter has resulted in one of the most successful applications of GRP materials to date. Fried and Graner 28 show that, after II years of actual service, a GRP fairwater aboard the submarine USS HALFBEAK suffered no loss in mechanical strength due to exposure in the marine environment. It has been demonstrated 29 that, after 5 years immersion in sea water, a glass-reinforced laminate retained over 95% of its original strength and stiffness characteristics.
Recently, a midship section of a minesweeper was fabricated and subjected to underwater explosions at UERD, Norfolk. The midship section was made of a glass-reinforced polyester material which was layed up in a female mold. The section was 34 feet long, 25 feet deep, and 28 feet across the beam; the weight was 40 tons. This represents the largest GRP structure manufactured to date in the United States. There are indications on the basis of a visual inspection that the GRP hull laminate was not adversely affected by the underwater explosions. However, there were some areas of delamination in the secondary bonds of the joints between the transverse stiffeners and the hull plating.
In addition to being exposed to the marine environment, it can be expected that these materials will be subjected to weathering for extended periods. A number of investigations 30 -■" on the effects of weather aging on GRP materials have been carried out. It has been found that, although these materials may be subjected to different climates, their properties are not seriously affected by long-term exposure to the weather. In general, mechanical properties of GRP materials are normally enhanced as the temperature decreases.
Recent advances in fiber technology have led to the development of high modulus carbon and boron fibers. A comparison of currently available fibrous reinforcements appears in table 13. The high modulus fibers offer filament-wound materials with enhanced compressive modulus. A discussion of the properties attainable with carbon fiber epoxies 32 shows that compressive strengths of 150,000 psi and a modulus of 25 million psi can be achieved with this type material. Cost considerations for all laminates are confined only to raw materials; no estimate is made of fabrication costs. For the glass fiber laminates, costs can vary from 40 to 80 cents/ pound depending on the type of glass and resin system used. A random-fiber chopped-mat polyester laminate is the least expensive while a woven fiber-epoxy laminate, which is fabricated in a mold and cured under heat and pressure, is the most expensive material.
Low Temperature Properties
The properties at low temperat cs of GRP laminates are influenced by many factors; i.e. type of resin, degree of cure, curing temperature, and hardener system, among others. In general, it appears that the strength and stiffness characteristics of fiber-reinforced plastics increase with decreasing temperature. A woven fabric polyester laminate 33 tested at -65° F shows an increase of 23% in tensile strength (from 53,000 to 65,000 psi) and an increase of 12% in flexural strength (from 65,000 to 73,000 psi). Similarly, the stiffness characteristics of polyester materials increase with decreasing temperature. Bair 34 reports that the tensile modulus for a woven fabric polyester laminate increased from 2.97 x 10 6 to 3.24 x 10 6 psi when the test temperature was lowered from 70° to -110° F. Schwartzberg 35 reports similar increases in strength and stiffness of polyester laminates and also for woven fabric epoxy laminates.
Glass-fiber-reinforced materials 36 exhibit increases in impact strength at decreasing temperatures. However, it is to be noted that the impact strength of plastics is determined by the Izod impact method, which cannot be directly related to design criteria.
Glass-Fiber-Reinforced Filament-Wound Plastic (FWP) Composites
These composites exhibit the highest strength and lowest weight characteristics of current composite technology. On this basis, these materials have been prime candidates for the development of pressure hulls for deep diving submersible applications. Their ability to have their fibers aligned in any angle or orientation required to satisfy design criteria is one of their outstanding characteristics.
Resin Type
FWP composites are normally impregnated with an epoxy-type resin system which exhibits high strength when cured under heat and pressure. However, if the new high performance epoxy resins are used in FWP, it has been found that the compressive strength is increased by 28% and the compressive modulus by 15%. 37 A comparison of properties attainable in FWP composites is shown in table 15. 
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Reinforcement
The reinforcement is a glass unidirectional fiber in which a number of glass fibers are axially aligned to form a roving. Here, also, the type of glass dictates the properties of the final composite. In general, two types of glass rovings are available, an E-glass material and an S-glass fiber which has the highest strength and stiffness of the two materials. 700,000
Composite Properties FWP composites, in common with other fiber-reinforced plastics, may be designed to have strength and stiffness characteristics which can be made to vary over a wide range of values, depending on the amount and type of glass, orientation of glass, and resin system used. 38 The composite with the highest strength and stiffness is one in which the S-glass fibers are ahgr i axially (unidirectional composite) and which contains about 80% fiber by weight. However, .his type construction has very low strength in the transverse direction. Properties of a 2:1 orthogonal FWP composite (twice as many fibers aligned in one direction as in the opposite direction), and the effects of long-term water absorption and response of material to dynamic and static strengths are described by Fried. 39 A summary of properties attainable on various fiber configurations is given in table 17. 217,000
x 106
Fabrication ( nposites can be readily fabricated by drawing the glass fibers through a resin bath or by using fibers which have been previously impregnated with resin and winding them over a mold of the desired configuration. If directionality is required, the fibers may be placed where they are required. On completion of the molding cycle, the entire assembly is cured in a press under heat and pressure.
Cost
Ultimate cost of these materials is dependent on the type of glass and resin syste r\ used. An E-glass roving with a conventional epoxy system will cost about $3.00 per pound ^nnf ??rZ? hSS r0ving im P re g nated wit h a high performance resin system will cost about $10.00-$ 15.00 per pound.
Low Temperature Properties
In general, the FWP materials respond much like the glass tabric-reinforced laminates to low temperature environment; i.e., as the temperature decreases, the strength and stiffness characteristics increase. Schwartzberg35 reports .hat the tensile strength of a FWP composite increased from 4.2 x 10* psi at 75° F to 4.8 x 10« psi at -65° F. It is also reported that the tatigue strength of these materials increases at the lower temperatures.
Carbon and Boron Fiber Epoxy Composites
The recent development of carbon and boron fibers has introduced filamentary materials with high specific stiffness, in excess of five times that of metals. In areas where the structure would be stiffness critical, these composites would afford the designer a material whose modulus can be varied from 10 to 30 million psi. This can be accomplished by variations in the amount of fiber and/or fiber orientation.
Resin Type
The FWP composites are impregnated with epoxy-type resins which develop optimum properties when cured under heat and pressure. The strength and stiffness of the composite are dependent upon the type of epoxy used, as discussed in the section on filament-wound plastic composites.
Reinforcement
Carbon fibers are prepared by the pyrolysis of rayon fibers, and have a range of modulus from 25 to 60 million psi. They have a nominal diameter of 0.0004 inch and a low density (0.063 pounds/cubic inch). Boron fibers are prepared by the deposition of boron on a tungsten substrate and have a modulus of 60 million psi; fiber diameter is 0 005 inch and the density is of 0.092 pounds/cubic inch. Boron fibers cannot be bent around a radius less that 6 inches; carbon fibers can be bent around smaller radii.
Properties
Unidirectional composites fabricated with carbon fibers have attained compressive strengths on the order of 150,000 psi and a modulus of 30 x 106 psi.32 Composites fabricated with this type of fiber have highly directional properties; highest strength is measured parallel to th-: enforcing fibers and can be 10 to 15 times the transverse strength. Composites Whos ilus vanes from 10 to 30 million psi can be fabricated by combinations of carbon anu la.; jers in an epoxy resin. 
D Fabrication
These materials can be fabricated by conventional winding methods ever a mandrel and require cure by heat and pressure tor optimum properties.
Cost
The current price of carbon and boron fibers is about $250.00 per pound. However, it is estimated that the price of carbon fibers will be on the order of $20.00-550.00 per pound in 2 to 3 years, and that of boron about $50.00-$ 100.00 in this time frame.
Low Temperature Properties
Although little effort has been devoted to investigation of the response of these materials to low temperatures, it is anticipated that their strength and stiffness characteristics will likewise improve with decreasing temperature.
COST CONSIDERATIONS
The mechanical properties, as outlined previously in this report, are obviously the most important factors to consider in the selection of candidate materials for the ASEV. However, another extremely important factor is overall lifetime cost of the material as used in this application, including initial material, fabrication, and repair and maintenance costs. Until the ASEV evolves beyond the conceptual stage, it is possible to deal with the cost factor in only a very general manner. The present status of relative cost factors, with respect to the four candidate alloy systems and structural plastics, is discussed below with the metals considered in the order of increasing cost.
ALUMINUM
Aluminum alloys have had a long history of applications in weight-critical structures. Marine alloys with moderate strength have been developed. With this development has come the availability of a large variety of structural shapes, the refinement of welding and joining vtechniques, and the confidence in the use of these alloys in extremely harsh environments. Costs of aluminum alloys are low, and machining is easy and inexpensive compared to other alloy systems. The aluminum alloys (particularly 5456-H116 or HI 17) are the most likely metallic candidates for the ASEV structure. The principal disadvantage is low strength. The effect of this strength disadvantage on vehicle design and performance will have to be thoroughly evaluated.
STEEL U Steels will vary in cost, depending on the alloy under consideration. Some steels (e.g., the 300 series stainless steels and the 9 Ni alloy) have been in general use in certain corrosive environments for many years. The technology for the use of these alloys is well developed; consequently costs are low and a variety of product forms is available. Other steel alloys, particularly the high strength alloys (10Ni-2Cr-lMo-8Co) are relatively undeveloped and will be expensive to buy, machine, and fabricate. It is anticipated that the steels will find their best application in the structural hard points of an ASEV. Such items as engine mounts, nacelle supports, large structural forgings, etc, may require the high strength and high modulus of elasticity of the high strength steels. Disadvantages in the use of the steels include the weight penalty and only fair corrosion resistance.
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The nic } el a Hoys have been used as sheet and forgings in limited missile applications Welding procedures lor these alloys are critical and require considerably greater care with consequent greater expense, than even the specialty steels. Many product forms of'the nickel alloys are not off-the-shelf items and although they are available on special order, an allowance must be made for lead time in delivery. If a requirement exists for high strength and good corrosion resistance (perhaps the vehicle underside or the subsystem of gas-turbine engine) one of the mckel alloys should be^nsidered. Rene 41 is completely immune to corrosio'n in sea ex ensive ^ ^ t0 maChine ^ consec l lient| y fabrication would be very
TITANIUM
The technological status of titanium alloys is very similar to that of the nickel alloys The technology exists for the use of titanium alloys, but the application volume has not expanded to the point where costs have reached their minimum or where they are competitive with aluminum or steel. Titanium welding operations require complete protection from the atmosphere which makes the setup critical and welder training costs high. Structural shapes are available as standard product forms but are expensive because of limited demand Perhaps the best application of titanium alloys would be in the main structural beams of the craft where the high strength-to-weight ratio would be of greatest benefit. Also, if the vehicle skin were designed to carry a significant portion of the load, titanium would be the best material Vehicle undersides and those portions of the craft in frequent contact with sea water could ' utilize the excellent sea-water immunity of titanium.
STRUCTURAL PLASTICS
As indicated earlier, the glass-fabric-reinforced laminates have seen considerable marine service. Raw material costs are similar to aluminum alloys and the low strength steel alloys about 50 cents/pound) but fabrication costs will vary greatly. For reproducible simple shapes the GRP manufacturing costs are extremely low; whereas, in the complex one-of-a-kind ' configurations, the necessary hand lay-up techniques are expensive.
Aff J^rffi
123 ," 0118 concernin g the cost of using the glass FWP composites are very difficult. If the ower strength, lower modulus E-glass is adequate for an easily fabricated par , then the total cost would probably be less than a comparable titanium or nickel alloy part. If, however, the part is hard to fabricate or requires the properties of S-glass then the use of a metal alloy would be indicated on a cost basis.
The carbon and boron fiber epoxy composites are extremely expensive and would only be used in limited applications that take advantage of their high modulus. For example extremely high stiffness might be required for a few critical spars, or on an extended mount tor a height sensor, etc. These materials have also found limited application as tapes that are bonded to a metal part, thereby increasing the effective modulus of the part.
Materials selection for a vehicle or any portion of it should be based on the performance of a series of parametric analyses. To do this, the vehicle design must have progressed to the point where the effect of a particular material on cost, weight and performance can be determined. Although it may not be possible to obtain absolute values relative effects should be apparent before a final material choice is made -n
UNRESOLVED MATERIALS PROBLEMS IMPOSED BY THE ARCTIC ENVIRONMENT
METALS
Corrosion and Erosion Effects
It is known that the corrosion process is reduced by low temperatures. However, other aspects of the arctic environment and the operational requirements for the ASHV raise some questions as to the corrosion and erosion effect on ASHV structural materials. It is known that the craft will operate over the open ocean, and therefore, the materials of construction must be resistant to general marine corrosion. It will also operate over fresh water, an environment much less corrosive than sea water. However, a more detailed analysis should be made to determine if any special effects might result from this alternating freshwater/salt-water operation. There is also the possibility of encountering an environment with salt content greater than that of normal sea water. Brine normally leaches from fresh sea ice, resulting over the years in ice with less and less salt content. It is possible, under certain melting conditions, for brine to collect in large sheets on the surface of the ice. An attempt should be made to ascertain the extent and frequency ot this standing brine in the arctic environment.
Aluminum alloys are relatively soft and will be very susceptible to erosion by blowing ice and snow particles as well as sea spray. Protective coatings may serve as a remedy for this problem. However, the severity of the problem is unknown at this time, and a method should be devised to evaluate the potential erosion problem. Data on sand and rain erosion may have some relationship to the arctic problem, but rain particles are not as hard and sand particles are probably not as large and do not fly as far off the ground as ice needles.
Particular attention must be paid in the detailed design of the ASHV to avoid areas where water can collect and remain. This is not only necessary to avoid crevice corrosion and pitting attack, but it is also necessary to avoid serious galvanic effects if there are dissimilar metals in the area (e.g., a bolt in a spar of a different metal). Also, if hollow-core extrusions are used in the construction of a craft, provisions for drain holes should be made since any entrapped water might remain undetected indefinitely.
Structural Integrity and Repair Considerations
Differences in thermal expansion coefficients of metals should be taken into account but should not be considered a problem. It is a matter of judicious design and experiments should be planned by design experts to gain familiarity and experience with the behavior. The coefficient data are well documented in the handbooks, and it is not anticipated that any determinations will have to be made. The effect will be particularly important in the vicinity of the engine and other heat sources. If differences in thermal expansion are not taken into account, it is possible that thermal fatigue could occur as the result of differential expansion and lead to the initiation and growth of a crack.
There is potential danger of damage occurring because of the freezing and expansion of water in restricted areas. This would become a repetitive or cyclic action as the craft travels between warm and cold environments. Joints of all kinds are susceptible to this type of damage as are the window and door seals, etc. The spaces between rivets and sheets, between nuts, bolts, and washers, and even certain types of weld joints could be a problem. Experiments in this area are planned for the coming year.
Some provisions for repair must be carried on board the craft. The damage caused by striking an ice ridge may only be slight, but the effect on the craft may be serious.
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Temporary repairs to at least the outer structure should be feasible with on-board facilities Tlus implies the provision of certain basic sheet metal tools such as drills, riveters cutters etc but not welding equipment. It should be possible, despite the adverse conditions,' to cut 'drill" and either bolt or rivet sections of metal together. Experiments are planned with portable ' equipment to try to perform some of these tasks under simulated arctic conditions (cold and lark). The intormation gained in these experiments should give an indication of the extent of repairs possible under arctic conditions.
STRUCTURAL PLASTICS
The survey of the effects of low temperature on the properties of fiber-reinforced plastics indicates that the strength and stiffness characteristics of these materials increases as the temperature decreases. However, it is to be noted that, for the most part the low temperature characteristics have been generated on materials that are no longer commercially available. It is tor this reason that the initial future effort should be to determine the strength characteristics ot candidate structural fiber-reinforced plastic materials at low temperatures; this and other areas of effort are described below.
Low Temperature Charajteristics
• Determine static strength and stiffness characteristics of candidate materials at low temperatures.
• Develop design criteria on the effect of resin content on strength characteristics, likewise.
ro erties * Determine and correlateas wel1 ' ^ effect of voids on strength and stiffness
Thermal Cycling
It may be expected that the vehicle will be subjected to the following conditions-I) prolonged exposure to low temperature while in operation, and (2) intermittent exposure to normal emperatures while in a hangar for storage or repair. In this area the following ettort should be undertaken: B • Develop information on the effect of thermal cycling (70° to -65° F) on strength and stiffness characteristics.
• Determine the effect on materials properties of storage in water, subsequent exposure to freezing temperatures, and then exposure to normal temperatures.
Repair
«. "
Co " venti onal repair procedures for GRP materials have been developed by the Navv Kits tor effecting the repair are normally supplied with a room temperature cure epoxy resin However, information is required on methods of effecting repairs at low temperatures Needed areas of effort in this respect include:
• Develop strength characteristics of adhesive and mechanical bonded joints.
• Determine effect of static and dynamic fatigue on varying joint designs.
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• Develop design criteria of low temperature effects on static and dynamic strength characteristics of joints.
• Determine effect of thermal cycling on joints.
Static and Dynamic Fatigue
Initiate a program to determine the effects of low temperature on stress rupture (staticfatigue) and dynamic loading of fiber-reinforced composites subjected to the arctic environment.
Quality Assurance Acceptance Criteria
• Develop quality assurance procedures with emphasis on nondestructive evaluation (NDE) and processing procedures for material quality control.
• Develop a relationship between strength and stiffness properties with NDE for optimization of construction of structural plastics materials.
SUMMARY
The consideration of candidate structural materials for a craft that has not been designed necessitates the use of a number of generalizations. The performance envelope and operating environment are well enough established to broadly define the boundary conditions, but obviously a large number of tradeoffs will have to be made after design details are established. Within these limitations the following conclusions can be drawn:
• Low temperature toughness is not a problem for the general classes of materials considered in this report. These materials have crystal structures that are either fee (aluminum, nickel, and austenitic stainless steels), hep (titanium), or amorphous (the strucUiral plastics). Although these materials do not have high toughness at room temperature, th( y do not exhibit any significant loss of toughness at -65° F.
• Strength and modulus values increase with decreasing temperature. The increase in strength in most cases is about 10% at -65° F as compared to room temperature, and the increase in modulus is usually less than that.
• The fatigue strength of specimens run in air increases with decreasing temperature. The change is often very small, but in no case is there a decrease in strength. The sea-water corrosion fatigue strength of aluminum and steel alloys is very poor, usually less than about 5 to 10 ksi at 10 8 cycles. This strongly suggests the use of coatings with their attendant penalties in weight and maintenance. Nickel, titanium, and the structural plastics do not suffer from reduced fatigue strength in water.
• The fabrication and repair of vehicles built with aluminum, low strength steels, and GRP materials are roughly comparable and considerably easier (and less expensive) than the higher strength materials
• The most critical operating environment from the structural materials point of view would appear to be the summer open-ocean condition. At low temperatures strength increases, and in operation over land corrosion is probably not a significant factor.
• Based on information currently available, it would seem that the craft would primarily be constructed of a 5XXX series aluminum alloy with the high strength main structural beams being made of titanium or possibly a nickel alloy. This would mean that conventional fabrication methods could be used and development costs would be low. u Naturally, the design strengths of the components determine the material selections. The above statements presuppose the use of the conventional box beam and spar or extruded-shape type of construction that has been used in SEV craft to the present. GRP materials might be best applied in appendages, tanks, and other nonstructural components.
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• Structural material problem areas that need further resolution are corrosion and erosion, repairability, structural integrity (particularly at joints and seals), and determination of some basic material properties (particularly in the structural plastics). 
